The physical mechanism for the amplitude asymmetry of SST anomalies (SSTA) between the positive and negative phases of the Indian Ocean dipole (IOD) is investigated, using Simple Ocean Data Assimilation (SODA) and NCAR-NCEP data. It is found that a strong negative skewness appears in the IOD east pole (IODE) in the mature phase [September-November (SON)], while the skewness in the IOD west pole is insignificant. Thus, the IOD asymmetry is primarily caused by the negative skewness in IODE.
Introduction
The Indian Ocean dipole (IOD) is a zonal mode of the interannual variability of the Indian Ocean SST (Saji et al. 1999; Webster et al. 1999 ). It appears as an east-west-oriented dipole of SST anomalies (SSTA) in the Indian Ocean. A positive IOD event is defined as above-normal SSTA in the tropical western Indian Ocean and below-normal SSTA in the tropical eastern Indian Ocean (Saji et al. 1999) . It has been argued that the east and west parts of the dipole might not be physically coherent (Dommenget and Latif 2002) , although there are evidences showing that IOD is an air-sea coupling mode and can develop with or without the presence of ENSO (Li et al. 2002 (Li et al. , 2003 Baquero-Bernal et al. 2002; Saji and Yamagata 2003; Lau and Nath 2004; Yu and Lau 2004; Zhong et al. 2005; Behera et al. 2006) .
Based on the previous observational (Saji et al. 1999; Webster et al. 1999; Saji and Yamagata 2003; Krishna-murthy and Kirtman 2003) , modeling (Li et al. 2002; Shinoda et al. 2004; Lau and Nath 2004; Zhong et al. 2005; Cai et al. 2005; Behera et al. 2006) , and theoretical (Li et al. 2003; Zhong et al. 2005 ) studies, one may conclude that IOD is a seasonally dependent mode whose phase is locked into the annual cycle and the Asian monsoon; as a consequence of this seasonal dependence, IOD grows rapidly in northern summer, reaches a mature phase in northern fall, and decays and transforms into a basin SST mode in subsequent northern winter and spring.
As the IOD index is defined by the SSTA difference between the west pole and the east pole, the index itself may not fully reflect the variability in the Indian Ocean (Huang and Kinter 2001) . Observations show that the SST variance in the east pole is larger than that of the west pole in the peak phase of IOD (Saji and Yamagata 2003, their Fig. 5; Hong et al. 2008a ). This suggests that the contribution of both the poles to the IOD index might be different. Figure 1 shows the time evolution of the SSTA in the east and west poles during the IOD peak season, September-November (SON). Note that the SSTA amplitude in the west pole is nearly symmetric between the positive and negative phases, but it becomes significantly asymmetric in the east pole. If one focuses on the extreme years (when the normalized SSTA amplitudes are greater than 1, i.e., | | Ն 1), there is an obvious asymmetry between positive and negative events in the east pole. For example, for the negative SSTA events in the east pole such as those in 1961, 1994, and 1997 , the SSTA amplitudes are stronger than Ϫ2, but the largest positive SSTA amplitudes in the east pole hardly reach to 2.
The objective of the present study is to reveal the physical mechanism responsible for the IOD amplitude asymmetry in the east pole. Many previous studies are based on the positive minus negative IOD composites, which could not address this asymmetry issue. This study is partially motivated by long-term air-sea coupled simulations by the Scale Interaction Experiment-Frontier Research Center for Global Change (SINTAX-F1) model (Luo et al. 2003) , which successfully simulates both the ENSO and IOD (Tozuka et al. 2005; Behera et al. 2006 ). Here we investigate specific dynamic and thermodynamic processes that give rise to the IOD amplitude asymmetry, by analyzing both observational data and SINTEX-F1 model outputs. In Part I, we present the results from the observational [including Simple Ocean Data Assimilation (SODA) mixed-layer heat budget] analysis. The diagnosis of the model simulations will be presented in Hong et al. (2008b, hereafter Part II) . This paper is organized as follows: In section 2, we describe the data to be used. In section 3, we define the skewness to measure the amplitude asymmetry in the east and west poles. A mixing-layer heat budget analysis is put forth in section 4 to find out the specific dynamic and thermodynamic processes that give rise to the asymmetry of SSTA tendencies between the positive and negative phases. Finally, concluding remarks and a discussion are given in the last section.
Data
The SODA product of Carton et al. (2000) for 1950-2001 is used as a major dataset for the ocean diagnosis. The data resolution is 1°in the zonal, and variable (from 0.45°at the equator to 1°at high latitude) in the meridional direction. There are 20 levels in the vertical, with a variable grid spacing of 15 m at the surface and 737 m at the bottom. The SODA data have been previously used for studying the Indian and Pacific Ocean dynamics (e.g., Xie et al. 2002; An and Jin 2004; Kug et al. 2005) . In addition, the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) and National Oceanic and Atmospheric Administration (NOAA) reconstructed sea surface temperature (Smith et al. 1996) data are used for diagnosing the surface heat fluxes and the asymmetry of SSTA.
In the present study, the monthly mean climatology is first calculated for the period of 1950-2001 and anomalies are then defined as departures from this climatology. A procedure is applied to the NOAA SST to remove a linear warming trend in the Indian Ocean [Saji and Yamagata 2003, ϳ0.5°C (100 yr) Ϫ1 ]. A 3-month running mean is then applied to all datasets to filter out the intraseasonal variation. Here, the east pole (10°S-0°, 90°-110°E, hereafter IODE) and west pole (10°-10°N, 50°-70°E, hereafter IODW) boxes are same as Saji et al. (1999) . The following two conditions are applied when we select IOD composite cases: 1) the difference of normalized SSTA between IODW and IODE is larger than one standard deviation (), and 2) zonal wind anomaly averaged over the central Indian Ocean (5°S-5°N, 70°-90°E) is easterly (westerly) for the positive (negative) IOD event. The ENSO event is defined when the normalized Niño-3 index in November-January (NDJ) is larger than 1. The so-defined ENSO events are similar to Trenberth (1997) .
Measuring the IOD asymmetry
The skewness is a measure of the asymmetry of a probability distribution function, and a value of 0 represents a normal distribution (White 1980 ). Here we adopt the skewness to measure the amplitude asymmetry of IOD, following An and Jin (2004) . The skewness is defined as
where m k is the kth moment,
and x i is the ith observation (seasonal mean), X the climatological mean, and N (ϭ52) the number of observations. The statistical significance of the skewness may be estimated if the number of independent samples is known (White 1980) . Because the time series of SSTA is not statistically independent, we use a range estimate instead. It is estimated that a confidence level of 95% corresponds to the amplitude of the skewness exceeding Ϯ0.67. The distribution of the SSTA skewness in the Indian Ocean (Fig. 2) shows that there is a significant negative skewness off the coast of Sumatra, and that the skewness is insignificant over the western Indian Ocean. A further examination shows that the negative skewness in IODE is season dependent; that is, the negative skewness in the east pole can only be identified in the mature phase of IOD (SON) and becomes a little skewed during the IOD developing phase [JuneAugust (JJA)] (see Table 1 ).
An interesting question is whether or not the negative skewness in the east pole is attributed to remote ENSO forcing, as the amplitude of El Niño is in general greater than that of La Niña. To answer this question, we remove all the ENSO events (El Niño events: 1951 , 1957 , 1963 , 1965 , 1969 , 1972 , 1976 , 1982 , 1987 , 1991 , 1997 La Niña events: 1950 , 1954 , 1955 , 1964 , 1970 , 1971 , 1973 , 1975 , 1988 , 1998 and recalculate the skewness. It turns out that the skewness of IODE just drops a little bit (from Ϫ1 to Ϫ0.97) and still passes the statistical t test at 95% confidence level. [In this case the threshold is a little higher because of the decreasing sample number (N ϭ 30).] The results above indicate that the negative skewness in IODE is primarily attributed to local air-sea feedback processes in the Indian Ocean.
Because the surface wind, SST, and thermocline depth anomalies are dynamically linked, we also examine the skewness for other variables such as the depth of the 20°C isotherm (hereafter referred to as D20) in the east pole and the zonal wind stress anomaly ( x ) in the central equatorial Indian Ocean (5°S-5°N, 70°-90°E). Table 2 lists the values of the skewness for D20 and x , both of which have significant negative skewness. This points out that the SSTA amplitude asymmetry may arise primarily from local dynamic air-sea feedback processes. In the next section, through a detailed mixed-layer heat budget analysis, we reveal the specific processes that give rise to the asymmetry.
Cause of the IOD asymmetry
To understand the relative roles of ocean advection and surface heat fluxes in causing the SSTA amplitude asymmetry in IODE, we analyze the oceanic mixedlayer heat budget and make composites for the positive and negative SSTA events. The mixed-layer tempera-ture tendency equation may be written as (Li et al. 2002 )
where T denotes the mixed-layer temperature; V ϭ (u, , w) is three-dimensional ocean current, which is defined as the vertical average from surface to the bottom of mixed layer; ١ ϭ ‫,‪x‬ץ/ץ(‬ ‫,‪y‬ץ/ץ‬ ‫)‪z‬ץ/ץ‬ denotes threedimensional (3D) gradient operator; ( )Ј represents the anomaly variables; ( ) represents the climatological mean variables; term
is the summation of linear advection terms; term Ϫ(V • ١TЈ) denotes 3D nonlinear temperature advection term; Q SW , Q LW , Q LH , and Q SH represent the net downward shortwave radiation at the ocean surface, net downward sur- face longwave radiation, and surface latent and sensible heat fluxes; R represents the residual term; (ϭ10 3 kg m
Ϫ3
) is the density of water; C P (ϭ4000 J kg K
Ϫ1
) is the specific heat of water; and H denotes the mixing-layer depth. Here, a positive heat flux indicates heating the ocean. As the SODA data do not show the significant change in the mixed-layer depth between the positive and negative IODE phases, for simplicity, the mixedlayer depth in Eq. (3) is specified as the climatological seasonal mean value (ϳ40 m) in JJA (see Du et al. 2005) . Table 3 lists positive and negative IODE events used for our composite study. There are total of 12 negative and 11 positive IODE cases. Figure 3 shows the composite SSTA and surface wind stress anomaly fields for positive and negative IODE events. An east-west dipole of SSTA is clearly seen in the Indian Ocean, with warm (cold) SSTA off Sumatra accompanied by cyclonic (anticyclonic) wind anomalies or northwesterly (southeasterly) wind anomalies along the coast of Sumatra. Whereas both the composites have a similar horizontal pattern with an opposite mirror image, the amplitude of SST and wind anomalies in the negative IODE is much stronger than that in the positive IODE.
The composite evolution of the mixing layer temperature (MLT) and its tendency (‫ץ‬TЈ/‫ץ‬t) are illustrated in Fig. 4 . Note that initial SST perturbations in May in both positive and negative events have similar amplitude, but they diverge quickly after August, and at the mature phase (October) the amplitude of MLT in the negative IODE composite is almost doubled (0.6°C) compared with that in the positive IODE composite (0.3°C). The MLT asymmetry in the mature phase is obviously attributed to the asymmetry of MLT tendency during the developing stage. From the time evolution of the MLT tendency term, one may clearly see that the maximum difference of the temperature tendency between the positive and negative composites appears in JJAS. Therefore, it is crucial to examine the dynamic and thermodynamic processes that give rise to the asymmetric MLT tendency during the developing phase.
The estimate of MLT tendency by the sum of 3D ocean temperature advection and the sum of surface heat flux terms is shown in Fig. 5 . Comparing to the actual temperature tendency, the estimated heat budget captures the major evolution feature such as a maximum MLT tendency in August and much stronger cooling than warming tendencies. However, because surface heat fluxes used for the budget analysis come from a different data source (i.e., from the NCEP-NCAR reanalysis, as SODA used a restoring term in the SST equation so that it does not provide the surface flux information), an exact balance cannot be achieved. While the asymmetry of MLT tendency between the positive and negative IODE events is well presented, a caution is needed as the analysis may overestimate the ocean advection and surface heat flux effects in the negative IODE phase. Table 4 lists the relative contribution of the ocean advection and the net surface heat flux to ‫ץ‬TЈ/‫ץ‬t in June-September (JJAS). Note that both the ocean temperature advection and the surface heat fluxes contribute significantly to the negative skewness in the east pole. While the amplitude of the surface heat flux contribution is about 3 times stronger in the negative phase than in the positive phase, the difference in the ocean dynamic effect is even greater (8 times). The fact that the amplitude of total MLT tendency in the negative phase is much greater than its counterpart in the positive phase explains why the cold SSTA grow much faster than the warm episodes in the east pole. In the following, we investigate the specific processes that give rise to the asymmetric MLT tendency.
a. Effect of nonlinear temperature advection
To understand the role of the ocean dynamics in causing the MLT tendency asymmetry, we decompose 3D ocean temperature advection into the zonal, meridional, and vertical temperature advection components. Also we further decompose them into linear and nonlinear advection terms by separating the climatological annual cycle and interannual anomaly fields. The sum of both the linear and nonlinear advection terms in contributing to the asymmetric MLT tendency is shown in Fig. 6 . The amplitudes of both linear and nonlinear advections are greater in the negative IODE phase than in the positive IODE phase. Note that while the linear advection terms contribute to the growth of both the positive and negative IODE, the nonlinear terms (which have the same magnitude as the linear terms) tend to cool the MLT in both the warm and cold episodes. This reveals that the nonlinear advection may play an important role in causing the negative skewness in the east pole. A further analysis indicates that both horizontal and vertical nonlinear advection terms contribute significantly to the negative skewness. 1954 , 1956 , 1958 , 1959 , 1960 , 1964 11 (Negative IOD) 1971 , 1989 , 1992 , 1998 Negative IODE 1961 , 1963 , 1966 , 1967 , 1972 , 1976 12 (Positive IOD) 1977 , 1982 , 1983 , 1987 , 1994 , 1997 The spatial patterns (Fig. 7) of the nonlinear advection terms show that the vertical advection has a strong cooling tendency at the equator, but it is much weaker near the coast of Sumatra. This implies that the SODA product may underestimate the effect of coastal upwelling. In general, the box-averaged vertical advection has comparable magnitude to the horizontal advection.
The analysis above points out that the nonlinear advection is crucial in causing the IODE asymmetry. Ekman transport. Also, the off-equatorial cyclonic curl induces cyclonic oceanic Rossby waves, which lead eastward geostrophic current. Therefore, there are strong eastward current in positive IODE case. This eastward current advects the anomalous cold temperature from west to east and leads to a cold advection (i.e., Ϫ uЈ‫ץ‬TЈ/‫ץ‬x Ͻ 0). For the negative IODE events, westward anomalous currents and negative anomalous zonal temperature gradients (i.e., uЈ Ͻ 0, ‫ץ‬TЈ/‫ץ‬x Ͻ 0) also lead to a cold advection (ϪuЈ‫ץ‬TЈ/‫ץ‬x Ͻ 0). [The importance of the nonlinear process in the IOD development was previously discussed in Murtugudde et al. (2000) and Halkides et al. (2006) .] Therefore, the nonlinear zonal temperature advection tends to have a negative MLT tendency and cool the ocean surface for both positive and negative IODE events, and thus contributes to the amplitude asymmetry. A similar argument may be applied for the nonlinear vertical advection. The left panels of Fig. 9 illustrate the depth-longitude profiles of ocean temperature averaged over 0°-10°S. Note that the maximum amplitude of the ocean temperature anomaly appears at the subsurface layer, and the anomalous vertical velocity at the base of the mixed layer is downward (upward) for the positive (negative) IODE event. As the climatological vertical velocity off the coast of Sumatra is upwelling during the IOD developing phase (JJAS), an anomalous downwelling (upwelling) during a positive (negative) IODE event tends to reduce (enhance) the mean upwelling and thus warm (cool) SSTA through the linear term, ϪwЈ‫ץ‬T/‫ץ‬z. Meanwhile, another linear advection term, ϪW‫ץ‬TЈ/‫ץ‬z, also tends to warm (cool) SSTA because of the negative (positive) anomalous vertical temperature gradient during the positive (negative) IODE events. As a result, both the linear vertical advection terms, ϪW‫ץ‬TЈ/‫ץ‬z and ϪwЈ‫ץ‬T/‫ץ‬z, tend to enhance MLT anomalies for both the positive and negative IODE events. However, the effect of the nonlinear vertical advection is different. For a negative IODE event, an anomalous upwelling (wЈ Ͼ 0) acting to a positive temperature gradient anomaly leads to a cold advection in the mixing layer (i.e., ϪwЈ‫ץ‬TЈ/‫ץ‬z Ͻ 0). For a positive IODE event, an anomalous downwelling (wЈ Ͻ 0) acting to a negative temperature gradient anomaly also leads to a cold advection in the mixing layer (i.e., ϪwЈ‫ץ‬TЈ/‫ץ‬z Ͻ 0). As a result, the nonlinear vertical temperature advection, along with the nonlinear horizontal advection, plays an important role in enhancing (reducing) the negative (positive) IODE events and causing the negative skewness in the east pole.
b. Effects of the wind-evaporation-SST feedback and the cloud-radiation-SST feedback
Next, we focus on examining the possible role of the surface heat fluxes in causing the IODE asymmetry. As shown in Table 4 , the asymmetry of the surface heat flux anomaly is another significant contributor to the negative skewness, in addition to the nonlinear ocean advection process. Previous studies showed that the anomalous heat flux is mainly contributed by latent heat flux and net downward shortwave radiation anomalies, and the former plays an important role in FIG. 5 . Same as in Fig. 4 but for the mixed-layer temperature tendency (squares) and the sum of the ocean advection and surface heat flux terms (circles). enhancing the SSTA during the IODE developing phase, whereas the latter tends to damp the SSTA and has a maximum impact in the mature phase (Li et al. 2002; Zhong et al. 2005) . Figure 10 shows the horizontal patterns of the composite Q LH , Q SR , and SST anomaly fields. To reflect their respective peak phase, the composite latent heat flux anomaly is taken during JJA while the net surface solar radiation anomaly is taken during SON. As expected, the latent heat flux anomaly tends to increase the cold SSTA, while the solar radiation anomaly tends to damp the SSTA. As discussed in Li et al. (2003) , the effect of the evaporation-wind-SST feedback is season dependent, and depends on the change of seasonal mean winds. It exhibits a positive feedback in boreal summer but a negative feedback in boreal winter. The cloud-radiation-SST feedback, on the other hand, always acts as a negative feedback process (Ramanathan and Collins 1991; Li et al. 2000) . Table 5 lists the relative contributions of Q LH and Q SR in both the positive and negative IODE episodes. Note that the latent heat flux anomaly is twice as large in the negative episode as that in the positive episode in JJAS. This indicates that the wind-evaporation-SST feedback contributes to the IODE asymmetry. However, this evaporation-wind feedback does not create an asymmetry between the positive and negative episode, and it only magnifies the amplitude asymmetry created by other physical processes such as the aforementioned nonlinear ocean dynamics. This is because stronger cold SSTA may cause stronger anomalous wind response, and the anomalous wind may further interact with the mean wind and lead to enhanced evaporation that cools the ocean further. If the initial positive and negative SSTA have the same magnitude, it is expected that the magnitude of the anomalous wind response will be the same and the resulting surface latent heat fluxes remain symmetric. As a result, the amplitude of the positive and negative SSTA is kept same. Therefore, the evaporation-wind-SST feedback becomes efficient to magnify the asymmetry only after a significant asymmetry between the positive and negative episodes has been generated by other feedback processes.
Next, we pay special attention to the cloud-radiation-SST feedback. As the maximum amplitude of the SSTA and its relevant cloud radiation forcing appears in SON, we focus on the relationship between Q SR and SSTA in this season. Table 5 shows that during the mature phase when the ratio of the SSTA amplitude between the negative and positive IODE is 2:1, the ratio of magnitude of the cloud shortwave radiation forcing is only 1.4:1. This indicates that the thermodynamic damping associated with the cloud-radiation-SST feedback is inefficient in the negative IODE episodes. In other words, given the same SSTA amplitude, the cloud-radiation forcing is strongly asymmetric between the positive and negative episodes. This asymmetric effect of the cloud-radiation-SST feedback is another fundamental cause of the negative skewness in IODE.
To understand how the asymmetric effect of the cloud-radiation-SST feedback results, we show the scatter diagram for the precipitation-SST and Q SR -SST relationships as shown in Fig. 11 . In general, the SSTA are positively correlated with the precipitation anomalies (r ϭ 0.76) while negatively correlated with the surface shortwave radiation anomalies (r ϭ Ϫ0.72). However, the relationships are not simply linear. When the SSTA amplitude is relatively small, the relationships are in general linear, indicating that precipitation anomalies increase and shortwave radiation anomalies decrease with increased SSTA. However, after the cold SSTA reach a certain magnitude (say, Ϫ2), even with continuous increase of the cold SSTA, the precipitation anomaly stops decreasing and is saturated to a critical value. Similarly, the shortwave radiation anomaly is also saturated. This means that the thermodynamic damping due to the cloud radiation forcing does not work any more after the cold SSTA reach a critical amplitude. Therefore, the cold SSTA may grow faster due to lack of thermal damping. Why does the cloud-radiation-SST feedback exhibit such an asymmetric feature? Figure 12 illustrates schematically how this mechanism works. The eastern equatorial Indian Ocean is a region where climatological mean convection is permanent throughout the year in the view of seasonal mean time scale. A positive SST anomaly in situ would lead to enhanced convection and thus enhanced negative cloud shortwave radiation forcing, which may damp the positive SSTA. A modest cold SST anomaly, on the other hand, may reduce the mean convection and reduce the cloud amount. As a result, a negative cloud-SST feedback may still exist. When the amplitude of the cold SSTA reaches to a critical value, the cold SSTA may completely suppress the mean convection (ϳ3.5 mm month
Ϫ1
) and lead to cloud free conditions. With the continuous growth of the cold SSTA below this critical value, no additional negative convective heating anomaly can be generated, and as a result, the anomalous precipitation and cloud amount remain constant even though the SSTA may further drop.
To make sure that the asymmetric cloud-radiation-SST feedback is a robust feature, we also calculate the anomalous precipitation, shortwave radiation, and SST relationships using the International Satellite Cloud Climatology Project (ISCCP) radiation (Zhang et al. 2004) and Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) precipitation (Xie and Arkin 1996) products. The results show that the asymmetric relationships are essentially the same.
Summary and discussion
In this study we investigate the amplitude asymmetry of SSTA between the positive and negative IOD events by diagnosing the SODA and NCAR/NCEP reanalysis data. The strength of the asymmetry is measured by the concept of skewness. A mixed-layer heat budget analysis is conducted to understand specific dynamic and thermodynamic mechanisms that lead to the asymmetry. The main results are summarized as below: 1) A significant negative skewness for SSTA appears in the southeast Indian Ocean off Sumatra during the mature phase of IOD, while the near-zero skewness appears in the western Indian Ocean. In addition to the negative skewness in the SSTA, the surface wind stress and thermocline depth anomalies also exhibit a significant negative skewness. The IOD amplitude asymmetry is primarily caused by the asymmetry in the east pole. 2) The negative skewness of the SSTA in the east pole is season dependent, and it only appears in SON, the IOD mature phase. There is no clear evidence showing that the negative skewness results from the asymmetry of remote El Niño-La Niña forcing in northern summer.
3) The mixed-layer heat budget analysis indicates that FIG. 11 . Scatter diagrams for the (a) SST-precipitation and (b) SST-surface shortwave radiation relationships. Monthly anomaly data in September and October are plotted in the scatter diagrams. All fields have been normalized with respect to their standard deviations. The blue dots indicate that the normalized SST and precipitation/shortwave radiation exceed one standard deviation. In addition to the NCEP-NCAR reanalysis data, the CMAP precipitation and the ISCCP radiation (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) are included for extreme negative events (closed marks).
the negative skewness in the east pole is mainly induced by (i) anomalous nonlinear horizontal and vertical ocean temperature advection and (ii) the asymmetry of cloud-radiation-SSTA feedbacks between the positive and negative IOD events. The wind-evaporation-SST feedback plays a role in enhancing the amplitude asymmetry.
The fact that the negative skewness appears in both the ocean and atmospheric variables such as SST, wind stress, and thermocline depth fields suggests that both ocean dynamics and air-sea coupling processes might be crucial for the IOD amplitude asymmetry. Because the maximum heating/cooling rate for MLT tendency appears in the IOD developing stage, we focus our diagnostics in JJAS, even though the maximum negative skewness appears in SON. The mixed-layer heat budget analysis shows that the time change rate of MLT is quite different between the positive and negative events in JJAS, even though the initial SSTA perturbation has similar amplitude in May. Both the ocean dynamics (i.e., 3D temperature advection) and surface heat flux processes contribute to this asymmetric development.
Further diagnosis indicates that the nonlinear ocean advection plays a crucial role. While the linear ocean advection terms contribute to the growth of both the positive and negative SSTA, the nonlinear advection terms have an asymmetric effect-they tend to cool the ocean in both the warm and cold episodes, thus enhancing the cold events but weakening the warm events. Both the nonlinear horizontal and vertical advections contribute to this asymmetric MLT tendency.
In addition to the nonlinear ocean effect, the cloudradiation-SST feedback is another important mechanism for generating amplitude asymmetry. This is because the negative cloud radiation forcing linearly increases with increased SSTA for the positive IODE but does not behave so for the negative IODE. Instead, the thermal damping associated with the cloud-radiation-SST feedback significantly weakens when the cold SSTA reach a critical amplitude (see the schematic diagram of Fig. 12 for detailed discussion of this mechanism). Finally, the surface evaporation-SST-wind feedback may efficiently amplify the SSTA asymmetry as a stronger (weaker) cold (warm) SST anomaly in JJAS may lead to a greater (weaker) along-coast wind and thus a larger (weaker) surface evaporation anomaly.
In an accompanying paper (Part II), we diagnose high-resolution air-sea coupled simulations from a long-term (420 yr) run of SINTEX-F1, with the same diagnostic method. The residual term in the mixedlayer heat budget is much smaller. The same nonlinear mechanisms (i.e., nonlinear ocean advection and cloudradiation forcing) contribute to the IOD asymmetry. This confirms the robustness of the role of the aforementioned dynamic and thermodynamic air-sea feedback processes in causing the asymmetry.
The role of the nonlinear advection on the IODE asymmetry is quite different from the El Niño-La Niña asymmetry as the eastern equatorial Pacific has a positive rather than negative skewness. The exact cause of this difference is currently under investigation. As anomalous rainfall and SST centers have a significant zonal phase difference in ENSO events (Li et al. 2003) , the effect of the negative cloud-radiation-SST feedback might be weaker, compared to the IOD events. 
